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E-mail address: edreedy@sandia.govA novel adhesion/atomistic friction (Ad/AF) surface interaction model has been developed for solid mate-
rials interacting through van der Waals dispersive forces. This model was motivated by friction force
microscopy data that suggest that in at least some cases a pressure-independent interfacial shear
strength can be used to describe molecular-level friction. The Ad/AF model has two elements. Adhesion
is deﬁned by a traction–separation relationship, where the key parameters are interfacial strength and
the work of adhesion. The second element of the Ad/AF model deﬁnes the nature of interfacial shear
stress in a way that is consistent with a pressure-independent interfacial shear strength. The model
assumes friction acts only when the opposing materials are in contact. The Ad/AF model, which has been
implemented within an explicit dynamics ﬁnite element code, has been applied to several problems
where adhesion and atomistic friction are expected to play an important role. Illustrative results from
interfacial fracture and nano-embossing simulations are presented. The fracture simulation shows that
the Ad/AF surface interaction model generates a strongly mode-dependent effective interfacial toughness
(i.e., depends on the relative level of the applied shear). The nano-embossing simulations indicate that
even low levels of adhesion and atomistic friction can have a signiﬁcant effect on nanofabrication
processes.
 2012 Published by Elsevier Ltd.1. Introduction
Adhesion and atomistic friction can have a major impact on the
operation and performance of a variety of technologically impor-
tant devices. Here the focus is on solids that interact through van
der Waals forces. Although such forces are relatively weak com-
pared to those generated by chemical bonds, they can still generate
signiﬁcant deformations when an object is sufﬁciently compliant.
One well-known example that clearly demonstrates the necessity
of taking adhesion into account is the observed deformation of
contacting rubbery spheres. The Johnson–Kendall–Roberts (JKR)
contact mechanics analysis was developed over 40 years ago to ex-
plain how adhesion can markedly increase the contact radius be-
tween smooth rubbery spheres relative to that which would
occur if Hertz contact theory applied (Johnson et al., 1971). Fur-
thermore, unlike the Hertz contact theory, the JKR analysis predicts
the observed tensile pull-off load. The adhesion-dependent contact
of soft materials is a topic of continuing interest. For example, in
recent years ways of mimicking bio-inspired adhesion via microm-
eter-scale patterned soft materials has received considerableElsevier Ltd.attention (Glassmaker et al., 2004; Crosby et al., 2005). Typically
the goal of this work is to enhance the adhesion between materials
relative to that attainable with ﬂat surfaces. Adhesion effects can
also be signiﬁcant in devices that are fabricated from a relatively
high modulus material when the length-scale of the device de-
creases. For example, microelectromechanical systems (MEMS) de-
vices fabricated using surface micromachining techniques can
contain exceedingly compliant polycrystalline silicon beams. The
deﬂection of such beams can be altered by adhesion (DelRio
et al., 2005). Adhesion can even cause MEMS devices to fail when
a shock loading causes unintentional adhesive contact that cannot
be broken by the elastic restoring forces (Maboudian et al., 2002).
Adhesion effects can also have a substantial impact on micro/nano-
fabrication processes. Adhesion can cause the pattern in the elasto-
mer stamp used in microcontact printing to collapse when feature
aspect ratios exceed stability limits (Hui et al., 2002). In nanoim-
print lithography, the adhesion between a stiff mold and the poly-
mer imprint must be made sufﬁciently weak to enable a clean
separation during release so as to minimize the formation of de-
fects in the pattern (Gates et al., 2005; Costner et al., 2009). These
examples suggest the sort of interesting problems that can be ana-
lyzed when a suitable adhesive surface interaction model is imple-
mented in a ﬁnite element analysis code. Also note that atomistic
friction can generate large tangential tractions on adhered, sliding
938 E.D. Reedy Jr. / International Journal of Solids and Structures 50 (2013) 937–943surfaces. Such forces can exist, for example, in MEMS devices that
allow contact between surfaces (Corwin and de Boer, 2004), or be-
tween surfaces that are peeled apart (Newby et al., 1998). The inclu-
sion of atomistic friction in the surface interaction model enables
nano-scale simulations of problems where interfacial slip occurs.
The adhesion/atomistic friction (Ad/AF) surface interaction
model used in this study was motivated by friction force micros-
copy measurements. In these scanning probe tests of solids that
interact through van der Waals dispersive forces, the friction (lat-
eral) force that opposes slip is measured as a function of the ap-
plied normal force. Published work suggests that in at least some
circumstances, a pressure-independent interfacial shear strength
can be used to describe atomic-scale frictional slip in such tests
(Burns et al., 1999; Carpick et al., 2004). Speciﬁcally,
F ¼ sA ð1Þ
where F is friction force, s⁄ is a constant interfacial shear strength,
and A is the contact area that depends on both adhesion and the ap-
plied normal load. Note that the work of adhesion can be deter-
mined from the pull-off load (Johnson et al., 1971; Derjaguin
et al., 1975; Reedy, 2007). Data measured in several friction force
microscopy studies of polymer coatings on hard substrates have
been found to be consistent with Eq. (1). This includes friction data
for a glass tip interacting with model lubricant silane and alkane-
thiol self-assembled monolayers (Burns et al., 1999), a silicon
atomic force microscope (AFM) tip sliding over an OTS (octadecyl-
trichlorosilane) self-assembled monolayer-coated silicon substrate
(Reedy et al., 2005), and an AFM tip coated with a variety of self-
assembled aromatic compounds sliding along a similarly coated
substrate (Yang and Ruths, 2009). These results suggest that the
friction response deﬁned by Eq. (1) is generally applicable to thin
nanometer-scale polymer coatings. Such coatings can be formu-
lated to perform as anti-adhesion coatings. It is also possible that
Eq. (1) is generally applicable to polymer/solid interactions even
when the adjacent materials are not thin coatings since atomistic
friction is a surface property.2. Adhesion/atomistic friction surface interaction model
The adhesion/atomistic friction (Ad/AF) surface interaction
model is based on atomistic frictional behavior as described by
Eq. (1). This model has two elements. Adhesion is deﬁned by a trac-
tion–separation (T–U) relationship, where r is the normal traction
and dn is the normal interfacial separation (Fig. 1a). This relation-
ship holds when dnP 0, otherwise normal interpenetration is pre-
vented (e.g., by a ﬁnite element analysis’s contact algorithm). The
two key parameters deﬁning this T–U relationship are the interfa-
cial strength r⁄ and the work of adhesion C. This study uses aFig. 1. (a) adhesion and (b) atomistic friction portions of Ad/AF ssimple triangular T–U relationship with a steep initial portion (de-
ﬁned by k, with a typical value of 0.05, see Fig. 1a) and a ﬁnite cut-
off distance for the adhesive force dcn. For a triangular T–U
relationship, the work of adhesion C, which equals the area under
the T–U curve, has a value of r⁄dcn=2. Materials interact via the T–U
relationship whenever they are within a distance dcn of each other
whether approaching or separating. One can make a rough esti-
mate for the model parameters used in the adhesion model. The
work of adhesion for a polymer/solid interface can be relatively
low when the solids interact only via van der Waals forces (i.e.,
no chemical bonding). For example, C for an epoxy/OTS interface
has been measured to be 0.05 J/m2 (Kent et al., 2001). Further-
more, the bulk of the work done to separate materials that interact
via van der Waals forces occurs while the materials are within
1 nm (Kendall, 1994). Accordingly, when C = 0.05 J/m2, the inter-
facial strength r⁄ equals 100 (50) MPa when dcn equals 1 (2) nm
(assuming a triangular T–U relationship). Since the T–U relation-
ship includes a length scale, calculated results are mesh-indepen-
dent provided that the mesh is ﬁne enough to resolve the open
gap across which adhesive forces act. The adhesion portion of the
Ad/AF model is a simple, Mode I only version of what is now com-
monly referred to as a cohesive zone model (Barrenblatt, 1962;
Needleman, 1987; Tvergaard and Hutchinson, 1992). Note, how-
ever, here the model applies not only to separating initially bonded
materials but also when materials jump into contact.
The second element of the Ad/AF model deﬁnes the nature of
interfacial shear stress s in a way that is consistent with Eq. (1)
(Fig. 1b). Here it is assumed that there is no frictional interaction
between opposing materials when dn > kdcn. In this study k was
set equal to 0.05 and consequently kdcn equals 0.05 nm when
dcn ¼ 1 nm. This value of kdcn is comparable to atomistic roughness
(the surface is assumed to be otherwise smooth on a length scale
commensurate with the range of the adhesive force, dcn). Friction
does not act across an open gap with dn > kdcn, and consequently
s = 0 when this condition applies. Friction acts only when
dn < kd
c
n. When friction acts, the opposing materials are tied to-
gether if |s| < s⁄, while slip occurs when |s| = s⁄, with s⁄ opposing
frictional slip dt (note, s⁄ is a pressure-independent material con-
stant). One virtue of the Ad/AF model is that the most important
of the parameters deﬁning the model (C and s⁄) can be deduced
from friction force microscopy measurements.
The analysis was performed using Sandia National Laboratories’
Sierra/SM explicit, transient dynamics ﬁnite element code
(Thomas, 2011). In brief, an explicit dynamics ﬁnite element
analysis uses a central difference time integrator to advance the
solution from an initial state using time steps that satisfy a stability
criterion. Explicit dynamics ﬁnite element codes are well suited for
analyzing large deformations with complex contact conditions,
discontinuous crack growth, etc. The Ad/AF model is implementedurface interaction model, where s⁄ opposes frictional slip dt.
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contact algorithm. As implemented, the Ad/AF ﬁnite element anal-
ysis implicitly assumes that the interface is locally ﬂat on a length
scale commensurate with the range of the adhesive force (e.g.,
model geometry does not contain features with size < dcn). Note
that adhesive forces are calculated in the current, deformed geom-
etry with gap distance deﬁned by the normal distance between a
node and the opposing surface. Thus, opposing materials can un-
dergo large relative translations and still interact if they are within
the range of the adhesive force. For example, the Ad/AF model al-
lows separation and reattachment after a large relative tangential
displacement. To model such large displacement phenomena, a
contact algorithm-based implementation of the Ad/AF model is
preferred to one based upon interface elements. In all calculations
reported here, the external loads are applied sufﬁciently slowly
that the external loading is quasistatic. Nevertheless, an interfacial
separation can still propagate dynamically once initiated if the en-
ergy release rate exceeds the interfacial resistance to separation. As
reported previously, the accuracy of the adhesion portion of the
Ad/AF model has been veriﬁed by simulating a problem where
the JKR adhesion analysis should apply (Reedy, 2006). In the fol-
lowing, illustrative results demonstrating the use of the Ad/AF sur-
face interaction model are presented. The model is ﬁrst applied to a
classical interfacial fracture problem where two solid materials
that are initially in contact are pulled apart and then to an ideal-
ized nano-embossing problem where two materials that are ini-
tially separated are brought into contact.3. Interfacial fracture
The impact of using the Ad/AF surface interaction model in an
interfacial fracture analysis is illustrated by analyzing the classic
problem of bimaterial strip with a long edge crack held between ri-
gid grips (Fig. 2). In a further simpliﬁcation of this plane strain
analysis, the upper material is treated as rigid while the lower
material is linear elastic (with Young’s modulus E, Poisson’s ratio
m, and density q). The dimensions of the strip model used in the ﬁ-
nite element analysis were chosen so as to closely approximate an
inﬁnitely long strip with a semi-inﬁnite interfacial crack. The
height h of the elastic layer is equal to 1 lm, while the crack length
a equals 6 lm and the strip length L equals 18 lm. The strip is
loaded by applying uniform edge-normal and edge-tangential dis-
placements to the upper rigid material while the bottom edge of
the lower elastic material is ﬁxed. Test calculations showed that
the strip is sufﬁciently long so as to generate a large uniformly
stressed region in the central portion of the ligament with stress
levels equal to those in an inﬁnitely long strip. The applied edge
velocity of 0.1 lm/ls is slow enough that inertial effects due to
the applied loading are negligible. The ﬁnite element model geom-
etry has a highly reﬁned mesh in a 2h/5 wide by h/5 high region
that surrounds the initial crack tip. In this region, the characteristic
element size D equals 0.0025 lm (h/400). A low level of mass
damping (as speciﬁed by a Rayleigh mass damping coefﬁcient
md) is used in these explicit dynamics ﬁnite element calculations
to damp out vibrations (stress waves) generated by the release
of interfacial shear stress as the adhesive zone forms. MassFig. 2. A long, edge-cracked bimaterial strip with uniform edge-normal and edge-tangen
lower elastic material is ﬁxed.proportional damping is simply a convenient way to include
damping in the calculations.
The interface’s effective toughness Ce is deﬁned as the value of
the energy release rate when the interfacial crack begins to propa-
gate. This is calculated using the well-known analytical energy re-
lease rate calibration for an edge-cracked bimaterial strip held
between rigid grips where one material is rigid
Ce ¼ h2Eu r
c
yy
 2
þ h
2G
rcxy
 2
ð2Þ
and where rcyy and rcxy are the calculated critical values of the nor-
mal and shear stress in the uniformly stressed ligament when the
crack begins to propagate, Eu = (1  v) E/((1 + v)(1  2m)) is the uni-
axial strain modulus, and G is the shear modulus. The effective
interfacial toughness depends on geometric parameters as well as
interface and bulk material properties. This dependency can be ex-
pressed in terms of nondimensional parameters. The parameters
that deﬁne the edge-cracked bimaterial strip problem include inter-
facial properties r⁄, C, k, and s⁄, elastic layer properties q, E, m, elas-
tic layer height h, and the Rayleigh mass damping coefﬁcient md
(units of ls1). The nondimensional parameters can be expressed
in terms of C, r⁄, and q (other choices are possible; this is simply
a convenient choice). With this choice, length (lm)  C/r⁄, force
(lN)  C2/r⁄, and time (ls)  (C/r⁄)/(E/q)1/2. Accordingly, the
effective toughness can be expressed as
Ce=C ¼ f
rcxy
rcyy
;
s
r
;
r
E
;
h
ð2C=rÞ ; m; k;
2mdC
rðE=qÞ1=2
 !
ð3Þ
The present study is focused on the effect of varying the relative
amount of applied shear-to-normal loading rcxy/rcyy. In these illus-
trative calculations, the linear elastic strip is deﬁned by h = 1 lm,
E = 1 GPa, m = 1/3, q = 1 g/cm3, and md < 5000 ls1 while the Ad/AF
model parameters are C = 0.05 J/m2, r⁄ = 50 MPa, s⁄/r⁄ = 0.5, and
k = 0.05. Note that the choice of s⁄/r⁄ = 0.5 is arbitrary; a known
relationship between these parameters is not implied.
Fig. 3 illustrates the nature of the interfacial tractions that are
generated when the Ad/AF surface interaction model is used. These
results are for rcxy/rcyy = 0.25, and for this case the calculated value
of rcyy is 13.67 MPa. The calculated interfacial normal traction Tn and
tangential traction Tt that occur just prior to crack propagation are
plotted. Here the crack tip is deﬁned as located at the point where
Tn = r⁄. The adhesive zone length La is deﬁned as the region where
Tn decreases with increasing normal interfacial separation dn (i.e.,
dn > kd
c
n in Fig. 1a), and the slip zone length Ls is deﬁned as the re-
gion where Tt = s⁄ (Fig. 3). Note that Tt vanishes within the adhesive
zone since dn > kdcn in this region. As shown in the ﬁgure, the nor-
malized length of the fully developed adhesive zone, La/h, equals
0.0250, while that of the fully developed slip zone, Ls/h, equals
0.0275. In this calculation, the adhesive zone is 10 elements long
(D = 0.0025 lm). This calculation was rerun with a reﬁned mesh
with D = 0.00125 lm to assess solution convergence with element
size. There was only a 0.4% change in the calculated value of rcyy. An-
other calculation showed that reducing the amount of damping by
decreasing the Rayleigh mass damping coefﬁcient from md = 5000 -
ls1 to 200 ls1 had no effect on the calculated rcyy.
The calculated critical value of the normal stress at crack
propagation rcyy depends on the relative level of the applied sheartial displacements applied to the upper rigid material while the bottom edge of the
Fig. 3. Calculated interfacial normal traction Tn and tangential traction Tt just prior
to crack propagation.
Fig. 4. Critical normal stress at crack propagation vs the ratio of shear-to-normal
applied ligament stress.
Fig. 5. Effective toughness Ce vs. the applied mode mixity.
Fig. 6. Length of the fully developed slip zone Ls vs. the applied mode mixity.
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yy = 0, rcoyy. The value of rcyy/rcoyy varies from 0.82 to 1.07 as rcxy/
rcyy varies from 1 to 1 and as such indicates an asymmetry in the
dependence. As an aside, the linear elastic fracture mechanics solu-
tion for the same problem as analyzed here (but without adhesion
or atomistic friction) also displays an asymmetric dependence on
the sign of rcxy/rcyy (Hutchinson and Suo, 1992). For example, at
a distance D = 0.0025 lm behind the crack tip (i.e., one element
length), the value of dn for rcxy/rcyy = 0.25 is 1.45 times larger
than that for rcxy/rcyy = 0.25.
Equation (2) can be used in conjunction with the calculated crit-
ical stresses rcxy and rcyy to determine how Ce/C varies with the
relative level of the applied shear rcxy/rcyy. In order to provide a
formal connection to the crack-tip mode mixity as deﬁned in linear
elastic fracture mechanics solutions for an interface crack, an ap-
plied mode mixity wa is deﬁned as
wa  tan1 2rcxy=rcyy
 
ð4Þ
The crack tip mode mixity a distance lo in front of a long interfacial
crack in an elastic, semi-inﬁnite bimaterial strip held between rigid
grips (i.e., the same problem as analyzed here, but without adhesion
and atomistic friction) can be expressed as (Hutchinson and Suo,
1992)
wr¼lo ¼ cþxþ e lnðlo=hÞ ð5Þ
If the upper material is rigid and the lower elastic material has a
Poisson’s ratio of 1/3, then e = 0.081, x = 17 and c = wa (as de-
ﬁned by Eq. (4)) for plane strain. The reference length is arbitrary,but is often chosen as some ﬁxed material length scale. If
lo/h = 0.01, then xþ e lnðlo=hÞ ¼ 4:5o. It is important to note, how-
ever, that the linear elastic fracture mechanics solution is applicable
only when the lengths of the adhesive zone La and the slip zone Ls
are both small relative to the region dominated by the stress singu-
larity (i.e., when there is ‘‘small-scale yielding’’). Fig. 5 shows that
the effective toughness (normalized by the work of adhesion C)
does display a strong dependence on applied mode mixity. The cal-
culated Ce/C has a minimum value of 1.06 when wa = 0 (note,
Ce/C = 1.07 when wa = 27). There is a clear asymmetry with re-
spect to wa. When wa = 64, Ce/C = 3.65. When wa = 64,
Ce/C = 6.28. Interestingly, the calculated dependence of Ce on wa
is qualitatively similar to that which has been observed experimen-
tally. For example, the toughness of an epoxy/glass interface shows
a strong dependence on crack-tip mode mixity (Liechti and Chai,
1992). In this case the mode-dependent energy dissipation was
attributed to epoxy yielding. An epoxy/self-assembled monolayer-
coated sapphire interface also displays a strong dependence on
crack-tip mode mixity, although in this case the energy dissipation
was attributed to a mode-dependent intrinsic toughness (Mello and
Liechti, 2006).
Energy dissipation due to frictional slip is presumably the pri-
mary source of the dependence of Ce on wa. Fig. 6 shows that the
length of the slip zone displays a similar dependence on wa. The
slip zone vanishes when wa = 0, but becomes relatively large com-
pared to layer height h as |wa| increases. When wa = 64,
Ls/h = 0.28. When wa = 64, Ls/h = 0.37. As an aside, the length of
the adhesive zone La is relatively insensitive to the value of wa
(0.0256 La/h 6 0.035). The magnitude of the frictional energy dis-
sipation/unit area is equal to s⁄ds, where ds is the maximum fric-
tional slip (found at the tip of the adhesive zone where the
normal interfacial stress r = r⁄). Fig. 7 plots the normalized
Fig. 7. Energy dissipated by frictional slip, s⁄ds, vs. the applied mode mixity.
Fig. 8. The fraction of the effective toughness that is attributable to the sum of the
energy dissipated by normal interfacial separation (work of adhesion) and frictional
slip.
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Figs. 5 and 7 plainly indicates that energy dissipation associated
with frictional slip is the primary source of the dependence of Ce
onwa. This is more clearly shown in Fig. 8. The fraction of the effec-
tive toughness that is attributable to the energy dissipated by nor-
mal interfacial separation (work of adhesion) and friction slip,
(C + s⁄ds)/Ce, is plotted as a function of wa. The calculated values
(C + s⁄ds)/Ce are close to one, with a maximum deviation of 8%.
This suggests that the energy dissipation associated with stress
waves (vibrations) generated by the abrupt release of the frictional
stress as the adhesive zone forms is relatively small. It is worth
noting that amount of frictional slip that can occur in these
calculations can be relatively large compared to the element size.
For instance, ds/D  4 when wa = 64.Fig. 9. Unit cell geometry used in the embossing simulations.4. Nano-embossing
Adhesion and atomistic friction are expected to impact both
embossing and release steps in a nanofabrication process when
feature size is on the order of 10’s to 100’s of nanometers. Typically
a relatively stiff mold (e.g., silicon, quartz) is used to imprint or hot
emboss a polymer (e.g., photoresist etch barrier). Since the mold
must be released from the hardened polymer without damaging
the molded pattern, some means to weaken the adhesion between
the mold and polymer is normally employed. Consequently, nano-
fabrication simulations should use a polymer/solid surface interac-
tion model like the Ad/AF model since it is applicable to solids that
interact via relatively weak, van der Waals forces. A series of illus-
trative simulations was performed to explore the impact of using
the Ad/AF model in simulations of a nano-embossing process(results for release after nano-embossing can be found elsewhere
(Reedy and Cox, 2013)). To avoid geometric complexity, a 2-D,
plane strain problem with a pattern composed of identical, parallel
channels (or conversely teeth) was analyzed. The polymer material
is heated well above its glass transition temperature and is in a
rubbery state while it is embossed. Hence, the polymer is modeled
as a compressible, Mooney–Rivlin rubber (Aklonis and MacKnight,
1983; Scherzinger and Hammerand, 2007) with a nominal, small
strain Young’s modulus of one MPa and a Poisson’s ratio of 0.499
(deﬁned by Mooney–Rivlin model parameters C10 = 0.1333 MPa
and C01 = 0.0333 MPa). A unit cell analysis is applicable to the par-
allel-channel geometry and Fig. 9 shows the unit cell geometry of
the embossing problem that was analyzed. Since the mold material
is much stiffer than the rubbery polymer, it can be considered ri-
gid. For this reason only elements that deﬁne the mold contour
(interface) are included in the mesh. The mold cavity is nominally
100 nm wide by 50 nm high with a 12wall-taper and 5-nm radii
at wall transition points. The bottom edge of the polymer layer is
ﬁxed to model attachment to a relatively rigid substrate.
Calculations were performed for three cases: (a) simple contact
(C = 0.0 J/m2 and s⁄ = 0.0 MPa), (b) adhesion only (C = 0.05 J/m2
and s⁄ = 0.0 MPa), and (c) adhesion and atomistic friction
(C = 0.05 J/m2 and s⁄ = 10.0 MPa). The range of the adhesive force
in these calculations is dcn ¼ 1 nm. Fig. 10a–c shows the calculated
deformed geometry at ﬁrst contact of the polymer with the top
surface of the mold. The downward mold displacement at ﬁrst con-
tact of the polymer with the top surface of the mold, Ucontact, the
displacement to ﬁll the mold, Uﬁll, and the applied compression
to ﬁll the mold Cﬁll (deﬁned as the applied compressive load at
the time when the mold cavity is completely ﬁlled/base area) is
displayed on each of the ﬁgures. The addition of adhesion causes
the polymer to jump into contact once it is within range of the
adhesive force and helps pull the polymer into the corner. This
yields a 30% lower calculated value of Cﬁll (compare cases a and
b). The further addition of atomistic friction results in an even
greater effect on the polymer deformation (compare cases b and
Fig. 10. The calculated deformed geometry at ﬁrst contact of the polymer with the top surface of the mold for (a) no adhesion or atomistic friction, (b) adhesion but no
atomistic friction, and c) adhesion and atomistic friction. Values of Ucontact, the displacement at ﬁrst contact of the polymer with the top surface of the mold, Uﬁll, the
displacement to ﬁll the mold, and Cﬁll, the applied compression to ﬁll the mold are displayed on the plots.
Fig. 11. Applied compression vs. mold displacement for different levels of atomistic
friction.
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friction retards ﬁll by preventing slip. The further addition of atom-
istic friction increases the calculated Cﬁll from 1.1 to 3.8 MPa, an in-
crease of 350%. Note that sidewall adhesion and friction also affect
the maximum height of the polymer at the center of the mold prior
to the polymer’s ﬁrst contact with the top surface of the mold. Rel-
ative to the case of no friction or atomistic friction (Fig. 10a), the
polymer is pulled higher up the sidewall when there is adhesion
but no atomistic friction (Fig. 10b). On the other hand, the polymer
is not pulled as far up the sidewall when there is both adhesion and
atomistic friction (Fig. 10c). Since the polymer is nearly incompress-
ible, the sidewall contact area varies inversely with the polymer’s
height at the center of the mold. As a consequence the mold dis-
placement needed to induce polymer contact at the top of the mold,
Ucontact, is least when there is both adhesion and friction (Fig. 10).
The sensitivity of the embossing simulations to the values of the
parameters C and s⁄ that govern the strength of polymer/mold
interactions was also investigated. The adhesion only analysis
was rerun but with C reduced from 0.05 to 0.005 J/m2 (i.e.,
r⁄ = 10 instead of 100 MPa, while maintaining dc = 1 nm). There
was no discernible difference generated by reducing C. The rub-
bery polymer is so compliant and the polymer stresses are so
low prior to the time when the mold is completely ﬁlled that even
an interfacial strength of 10 MPa will cause the polymer to jump
into contact. The adhesion with atomistic friction simulations were
also rerun with varying values of s⁄. Fig. 11 shows that the applied
compression to ﬁll the mold is altered even when s⁄ = 1 MPa.Results for s⁄ = 5 and 10 MPa are essentially identical indicating
that the polymer is fully stuck to the mold surface (i.e., no slip)
and further increase in s⁄ will not affect the calculated response.
Note that the applied compressive load increases rapidly once
the mold is completely ﬁlled since the deformation is then deter-
mined by the polymer’s much higher bulk modulus (Uﬁll = 28.0,
29.2, 30.0 and 30.0 nm for s⁄ = 0, 1, 5, and 10 MPa, respectively).
The illustrative results presented here clearly show that adhe-
sion and atomistic friction can have a signiﬁcant effect on a
nano-embossing process. The polymer deformation pattern is al-
tered and a signiﬁcantly higher load is required to push the last
portion of polymer material into the corner of the mold. These re-
sults suggest that atomistic friction may make it increasingly difﬁ-
cult to push a rubbery polymer into the top corner of a feature as
feature height increases. These results also suggest that high accu-
racy measurements of s⁄ may not be necessary. Even a small value
of s⁄ sticks a rubbery polymer to the mold wall, and increasing that
value has no effect.
5. Summary
A novel adhesion/atomistic friction (Ad/AF) surface interaction
model for solid materials interacting through van der Waals dis-
persive forces has been formulated and implemented in an explicit
dynamics ﬁnite element code. Illustrative interfacial fracture and
nano-embossing simulations were presented. The classic problem
of bimaterial strip with a long edge crack held between rigid grips
was analyzed. The Ad/AF surface interaction model generates a
strongly mode-dependent effective interfacial toughness (i.e., de-
pends on the relative level of the applied shear). This dependence
is a direct outcome of Ad/AF model. The nano-embossing simula-
tions indicate that even low levels of adhesion and atomistic fric-
tion can have a signiﬁcant effect on nanofabrication processes. As
the mold is pushed into a rubbery polymer during embossing,
adhesion pulls the polymer towards the mold while atomistic fric-
tion retards ﬁll by preventing slip. The two primary parameters
that deﬁne the Ad/AF model (C and s⁄) can, at least in principle,
be measured directly using AFM friction force microscopy
techniques.
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